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CHAPTER 1. GENERAL INTRODUCTION 
THESIS ORGANIZATION 
This thesis is organized to have a general introduction, two papers that 
have been or will be submitted to the Agronomy Journal and Communications in 
Soil Science and Plant Analysis, and a general conclusion. Each individual 
paper has an abstract, introduction, materials and methods, results, and 
conclusion. 
INTRODUCTION 
Zinc (Zn) is an essential micronutrient for plant growth, but little 
research has been conducted in the field to study spatial responses by corn due 
to Zn fertilization. A corn crop removes only a few ounces of zinc per acre, but 
growth is restricted if this quantity is not present in the soil in a plant available 
form (Webb, 1979). Zinc deficiencies in plants as well as low to marginal soil Zn 
concentrations have been reported in northern and western Iowa for many years 
(Webb 1979, 1984 and Mallarino and Webb 1995). 
Soil Characteristics 
Zinc availability to plants varies with soil characteristics. Soils low in 
plant available Zn have at least one of the following characteristics; high pH, low 
organic matter content, high available phosphorus, or low soil test Zn (Bugabee, 
and Frink, 1995). Also, erosion or physical removal of topsoil resulting in 
exposure of the subsoil can result in Zn deficient areas (Viteri-Arriola, 1984 ). 
2 
pH 
The solubility of Zn is ilower in soils with a pH above 7 .5 than at lower 
pH (Lindsay, 1979). In Iowa there are several soil associations that contain high 
pH spots within fields where the surrounding soil's pH is slightly acid. It is 
reasonable to expect that Zn availability, due to a difference in solubility, varies in 
these different soils. 
Organic Matter Content 
Webb (1979) reported that, over time, growing plants have extracted 
zinc from lower soil horizons and concentrated it in the organic residues near the 
soil surface. Consequently, soils with low organic matter content, such as sand 
and eroded soils have low zinc availability. In Iowa, low soil organic matter is not 
a common problem but it does 9ccasionally exist. Typically, the term low soil 
organic matter means <1.5 % (Vanden Heuval, 1989). 
High soil organic matt~r may increase plant available Zn in at least two 
I 
ways. First, soil organic matter may increase the diffusion rate of Zn in soils. 
This can take place by desorption of Zn and formation of soluble complexes, 
thereby increasing the release, concentration and thus the supply rate of Zn to 
the root surface (Sharma and Deb, 1988). Second, high organic matter in soils 
increases microbial activity therefore increasing the release of biologically 
produced chelators (Lineham et al., 1989). 
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Phosphorus 
Today, high input agriculture is the norm. High input agriculture 
concentrates on applying the macronutrients N, P, and K to achieve maximum 
yields. High inputs of P could actually lower yields by inducing a Zn deficiency. 
High rates of P fertilization or high levels of plant-available P in soils have been 
frequently reported to induce Zn deficiency in corn (Zea mays L.) (Mallarino and 
Webb, 1995). Langin et al (1962) reported that the damaging effect of Pon Zn 
utilization is considered to be largely physiological in nature. This is most likely a 
plant root cell absorption phenomenon, rather than an external Zn phosphate 
precipitation (Langin et al, 1962). Corn is more sensitive to Zn supply than many 
crops, and P-induced Zn deficiencies are more likely to occur in high pH 
(calcareous) soils (Langin et al., 1962; Lins and Cox, 1988). 
Due to spatial differences in soil characteristics there could be areas 
' : 
within a field that require Zn ferf;ilization while other areas would not. Today it is 
possible for producers to apply Zn within the specific areas in need, with Global 
Positioning Systems (GPS) and variable fertilizer rate applicators. In the past, 
entire fields were treated as one soil type determined by average properties of all 
the soils present. Now, each soil series within a field can be fertilized according 
to it's individual characteristics. This strategy could increase yields to full 
potential over an entire field. Plus, money would be saved by applying fertilizer 
only where it is required. Research is needed to look at differential corn 
response to Zn applied in a band during planting across various soils in Iowa. 
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Previous Research 
Many soils have characteristics that decrease Zn availability. The most 
recent research conducted on corn response to Zn fertilization shows a variety of 
yield responses due to Zn fertilization (Mallarino and Webb 1995 and references 
within). Brown and Krantz (1966) found that Zn EDTA and Zn SO4 both work 
equally well in increasing yields when incorporated into soils that test low in 
available Zn. They concluded that if fertilizer was banded under the seed, Zn 
EDT A was more efficient in increasing yields than Zn SO4 (Brown and Krantz, 
1966). Martens, et al (1973) reported that Zn EDTA and Zn SO4 banded (in 
contact with and next to the seed) and broadcast then incorporated are both 
effective in correcting Zn deficiencies in corn. Martens et al (1973) also 
concluded that broadcasting ZnSO4 followed by incorporation yielded 
approximately 1,100 kg/ha more corn than any other application method. 
Webb (1979, 1984) and Mallarino and Webb (1995) conducted the most 
recent research on corn response to Zn fertilizer in Iowa. His research was 
devoted to Zn from 1963-1995 and involved a plethora of sites and experiments. 
Webb (1979, 1984) and Mallarino and Webb (1995) reported numerous yield 
responses to broadcast Zn SO4 and Zn EDT A. He concluded that the largest 
responses to Zn fertilization, 376 - 1190 kg/ha increase, occur on soils with low 
soil-test zinc levels, high pH, and low organic matter content (Webb, 1979). 
Webb (1979, 1984) and Mallarino and Webb (1995) thought the sporadic 
response of corn to Zn fertilization was related to weather differences between 
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growing seasons. Mallarino and Webb (1995) found that Zn application 
increased corn yield but not enough to pay for the cost of the Zn. Contrary to 
most existing scientific theory, high P concentrations in soils did not induce Zn 
deficiency (Mallarino and Webb, 1995). 
A three-year study conducted by Vanden Heuval (1989) found only three 
of 82 sites had significant yield increases due to Zn fertilization on Illinois soils. 
Zinc addition increased yields c;\n average 967 .5 kg ha-1 at these sites while at 
the other 79 sites yields increased an average of 94 kg ha-1 due to Zn (Vanden 
Heuval, 1989). 
Mortvedt (1992) concluded that crop response to granular Zn fertilizers 
varied considerably. Respectively, corn dry matter yields and Zn uptake increase 
with the level of water-soluble Zn in the Zn fertilizers (Mortvedt, 1992). Carsky 
and Reid (1990) reported significant yield increases in corn when Zn was 
broadcast as Zn EDTA onto Zn.deficient soils. Carsky and Reid (1990) also 
found banded Zn inferior to broadcast for increasing corn yields. Rehm et al 
(1981) reported no yield increases in corn grain or silage due to Zn application in 
Nebraska. 
This inconsistency in corn response to Zn fertilization indicates a need to 
study Zn fertilization across specific soils in Iowa. Past research suggests that 
broadcasting Zn fertilizer followed by incorporation is superior to Zn banded 
during planting in increasing yields (Carsky and Reid, 1990; Viteri-Arriola, 1984; 
Boawn, 1973; Martens et al, 1973; Brown and Krantz, 1966; Langin, et. al., 
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1962). Zinc applied by banding is more feasible today because of current 
reduced tillage practices. Banding is an easy way to uniformly apply the small 
amount of Zn required per acre. Various researchers also found that Zn EDTA is 
a better source of Zn than zinc sulfate (Brown and Krantz, 1966; Carsky and 
Reid, 1990). The price of organic Zn EDTA is approximately four times the cost 
of inorganic ZnSO4. Therefore, from a practical point of view, research is needed 
to look at spatial response of corn to ZnSO4 banded during planting. 
: Climate and Hybrid 
Cold temperatures and wet conditions during the early part of the growing 
season can affect Zn availability to plants. Webb (1979) found that cold and wet 
conditions cause small roots an.d reduced metabolic activity, which is unfavorable 
for absorption of broadcast Zn .. Carsky and Reid (1990) found that response to 
banded Zn was a function of temperature, and is greater at low temperatures. 
Weather could also affect Zn availability by interaction with the corn hybrid 
in use. Some hybrids may be able to compensate for cold and/or wet conditions 
while others can not. Webb (1984) observed deficiency symptoms on one of two 
hybrids during two growing seasons that had below normal temperatures and 
above normal rainfall in the spring. 
Aside from a hybrid by climate interaction, modern hybrids vary in their 
ability to take up nutrients in general. Terman et al (1975) observed differences 
in Zn and P absorption among eight corn hybrids and concluded that these 
differences were genetically controlled. In 1978 Clark reported differential 
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responses between two corn inbreds for Zn which appeared to be caused by 
differences in translocation, requirements, and utilization of Zn in the inbreds, 
and for accumulations of unbalanced amounts of mineral elements which interact 
with Zn (Clark, 1978). Ramani and Kannan (1985) reported significant 
differences in the Zn absorption patterns by excised roots of sorguhm cultivars. 
Ramani and Kannan also found significant differences in hybrid vigor in two of 
three corn hybrids and suggested the trait was inherited from the female parent 
(Ramani and Kannan, 1985). It is not difficult to show that corn hybrids differ in 
their ability to take up and utilize Zn. Corn hybrids have changed since earlier 
research on hybrid response to.Zn was completed. Research is needed to 
identify a modern corn hybrid with high zinc uptake characteristics that could be 
used in future Zn fertilization studies. 
The objectives of this study were to find responses to Zn fertilizers within 
fields, and define the soil characteristics in responsive areas. Another objective 
was to identify a modern corn hybrid with high zinc uptake characteristics that 
could be used in future Zn fertilization studies. 
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CHAPTER 2. SPATIAL RESPONSE OF CORN TO ZINC IN IOWA 
A paper to be submitted to the Agronomy Journal 
A. Bickel* and R. Killorn 
ABSTRACT 
The solubility of zinc (Zn) decreases as soil pH increases. In Iowa there 
are several soil associations that contain high pH spots within fields where the 
surrounding soil's pH is slightly acid. It is reasonable to expect that Zn 
availability, due to a difference in solubility, is different in the two areas. The 
objectives of this study were to find responses to Zn fertilizers within fields and 
define the soil characteristics in responsive areas. The study was conducted at a 
total of eight sites over two years. Treatments were O and 5.6 kg Zn ha-1 applied 
to long strips of corn and replicated four times. Zinc was applied five cm to the 
side and five cm below the seeds during planting at each site. Multiple soil series 
were identified at each site and treatment pairs were located within them. Soil 
samples were analyzed for Zn, phosphorus, potassium, organic matter and pH. 
Plant (V6 to V10 growth stage) and grain samples were analyzed for Zn content 
and uptake. Yields were also measured. The main soil characteristic that 
determined corn response to Zn in this study was soil test Zn concentration. At 
some sites, corn grain yield decreased when Zn was applied to soils with 
adequate levels of Zn. At other sites, plant Zn concentrations and uptake 
increased when Zn was applied to soils with low levels of soil Zn but Zn 
concentrations in corn grain were not affected. 
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INTRODUCTION 
Many field studies have been conducted looking at corn response to Zn 
(Mallarino and Webb, 1995; Carsky and Reid, 1990; Viteri-Arriola, 1984; Boawn, 
1973; Martens et al, 1973; Brown and Krantz, 1966; Langin, et al, 1962). In most 
of this research, Zn was applied by broadcasting followed by incorporation. 
Today much of the conventional tillage has been largely replaced with reduced 
tillage. Zinc banded during planting would compliment reduced tillage systems. 
In addition, banding is an easy way to apply a uniform distribution of the small 
amount of Zn required per acre. Little, if any, research has been completed to 
look at differential Zn responses by corn across different soil series within a field. 
The solubility of zinc (Zn) decreases as soil pH increases (Lindsay, 1978). 
In Iowa there are several soil associations that contain high pH spots within fields 
where the surrounding soil's pH is slightly acid. It is reasonable to expect that Zn 
availability, due to a difference in solubility, is different in the two areas. Today 
Global Positioning Systems (GPS) and variable rate fertilizer application systems 
allow producers to apply fertilizers at a number of rates throughout various areas 
of a field. This could be very economical because producers would save money 
by applying less fertilizer. 
The objectives of this study were to find responses to Zn fertilizers within 
fields, and define the soil characteristics in responsive areas. 
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MAT~RIALS AND METHODS 
The experiment was conducted at eight sites during 1998 and 1999. 
There were three sites in 1998 and five in 1999. Treatments were paired with 
and without Zn and applied to the corn in long strips (3 m - 4.6 m X 152 m - 304 
m). The widths and lengths of strips varied due to the producer's equipment and 
the allotted experiment area. Each treatment was replicated four to six times. Zn 
was applied as zinc sulfate (36% Zn) at a rate of 5.6 kg Zn ha -1 in a 5 cm X 5 cm 
starter placement. Zinc sulfate was broadcast without incorporation after planting 
at one site the first year. The test plots were maintained according to the cultural 
practices used by each of the participating producers. The producers also chose 
the com hybrids. 
1998 Experiments 
The three sites were located in North Central Iowa, two were in 
Hancock County and one in Wright County (Figure 1 ). Site one was on a 
producer's farm in Wright County. Site two was on a producer's farm in Hancock 
County. Site three was on the Iowa State University Northern Research Farm in 
Hancock County. The hybrids planted at each site and other cultural information 
are listed in Table 1. 
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Tabl'e. 1 Zinc site information. 
Zn Zn # of strip Plant Harvest 
Site Producer Rate applied Year Reps County length Hybrid Date Date 
kg ha"1 m 
1 Kirstein 5.6 broadcast 1998 4 Wright 274 P 3730 5/4/98 10/10/98 
2 Rietema 5.6 banding 1998 5 Hancock 383 P 3489 5/5/98 10/22/98 
3 Northern Research 5.6 banding 1998 5 Hancock 182 P 3563 5/5/98 -
4 Armstrong Research 5.6 banding 1999 5 Pottawattamie 160 GH9230Bl 5/14/99 9/28/99 ..>. 0, 
5 Northwest Research 5.6 banding 1999 4 O'Brien 182 D477 5/11/99 11/25/99 
6 Hovey 5.6 banding 1999 4 Webster 198 G 8704 5/5/99 11/26/99 
7 Northern Research 5.6 banding 1999 5 Hancock 149 P 3563 5/4/99 10/12/99 
8 Rietema 5.6 banding 1999 4 Hancock 304 P 3489 5/4/99 10/14/99 
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1999 Experiments 
The five sites were located in North Central and Western Iowa (Figure 
1 ). Site one was on the Armstrong Research Farm in Pottawattamie County. 
Site two was on the Northwest Research Farm in O'Brien County. Site three was 
on a producer's field in Webster County. Site four was on the Northern Research 
Farm in Hancock County. Site five was on a producer's farm in Hc1ncock County. 
The hybrids planted are listed in Table 1. 
Soil Series 
The soil series were determined using reactions with HCI, the soil test 
results, and the corresponding county Soil Survey. The soil series within each 
test strip were first located by applying 10% Hydrochloric Acid (HCI) from an 
eyedropper approximately every 1.5 meters. The reaction between the soil and 
HCI, ranging from no reaction to severe reaction, was noted. When a change in 
reaction was observed the exact point of change was found by applying HCI 
every 15 cm between the two reaction points until the exact point of change was 
located. The strips were then marked at these points and distances for each 
"reaction length" later measured. If the reaction to HCI did not differ at a site, the 
strips were divided into 15 m sections. Next, the sections were divided into 
aligned pairs. One strip of each pair was then randomly selected to receive Zn 
fertilizer. Areas in which the paired treatments did not align within a soil series 
were considered "blank areas" and were not sampled. Soil samples were taken 
from each section in the strips where no zinc was applied. 
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Soil samples were taken every 7 .6 m to a depth of 15 cm. Soil samples 
were ground using a stainless steel grinder to avoid zinc contamination. The 
samples were analyzed for organic matter, pH, phosphorus, potassium, and zinc. 
The percent organic matter was determined using the Walkley-Black Method 
(Walkley, and Black, 1934). A 1 :1 soil to water slurry was used to determine pH. 
Phosphorus was determined by using the Olsen (NaHCO3) Phosphorus Test 
(Olsen, et al., 1954), which is recommended when analyzing calcareous soils for 
phosphorus. Next, the Carson Method was used to determine soil test potassium 
(Carson, 1980). Finally, soil zinc extractions were made using the DTPA 
Extraction Method (Kahn, 1979; Kahn, and Soltanpour, 1978; Lindsay, and 
Norvell, 1978). The samples were then analyzed for Zn using an atomic 
absorption spectrometer. 
Plants 
Whole plant samples of the corn were taken when the plants reached the 
V8-V10 growth stage (Hanway, 1982). The above ground portion of two plants 
was taken from each section within a treatment strip. The plant samples were 
ground in a stainless steel grinder, digested in sulfuric acid and 50% hydrogen 
peroxide (Hach, 1989), and analyzed for Zn using an atomic absorption 
spectrometer. Zinc uptake was also calculated. 
Grain 
Grain was harvested from the two middle rows of each strip. The paired 
sections were divided into 9 or 12 m plot lengths depending on the space 
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avaUable within each section. The plot length was kept constant at each site. 
The number of plots per soil series and strip was dependent on the area of each 
particular soil series. No more than four plots per soil series were chosen within 
a strip. These four plots were randomly selected. Yields were adjusted to 15.5% 
moisture content. The grain samples were ground in a stainless steel mill, 
digested in sulfuric acid and 50% hydrogen peroxid~ (Hach, 1989), and analyzed 
for Zn concentration using an atomic absorption spectrometer. Zn uptake was 
also calculated. 
Soil Test Interpretation 
The P, K, and Zn soil test interpretations were taken from 
recommendations made by Iowa State University (ISU) Extension (Voss et al., 
1999). These interpretations are found in Table 2. 
Olsen P 
K 
Zn 
<8 
< 81 
0 to 0.4 
na 
na 
0.5 to 0.8 
na = not available 
na 
> 14 
> 120 
> 0.9 
The pH and OM interpretations were more subjective. It is a fact that a 
high pH and low OM affect Zn availability in the soil. In this experiment a high pH 
was considered a neutral pH and above (6.5 - 7.0). The following scale was 
used to define high, medium, and low organic matter: < 1 % is low, 1 - 4% is 
medium/ adequate, > 5 % is high. 
19 
Statistical Analysis 
Statistical analyses were done using SAS (SAS, 1996). The model at 
each site was an unbalanced split plot. A probability level of 0.05 or less was 
used to declare significance. 
RESULTS 
Each site was analyzed independently because responses to Zn were 
significantly different among sites (P>F=<0.01 ). This was because some of the 
soil characteristics of the same soil series varied among sites. 
The data were sorted by site and soil series and then divided into groups 
of different pH and Zn concentrations (Table 3) because some of the Zn 
concentrations and soil pH's varied among soil series at the same site. In this 
paper a pH below 7 was called low and a pH above 7 was called high (Table 3). 
Zinc concentrations above 0.8 mg kg-1 were considered high and values below or 
equal to 0.8 mg kg-1 were considered low (Voss et. al., 1999). 
The soil series found on the test sites and their classifications are shown 
below (Table 4 ). 
Table 3. Soil Zn content and H arameters used in statistical analysis. 
soil 
charactersitic 
Zn mg kg-
pH 
arameter 
2 
<=0.8 >0.8 
<7 >=7 
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Table 4. Soil Classifications of soil series found in this stud . 
-
fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquoll 
Clarion 
Harps 
Nicollet 
Okoboji 
Webster 
Galva 
Primghar 
Ransom 
Sac 
Exira 
Marshall 
fine-loamy, mixed, superactive, mesic Typic Hapludoll 
fine-loamy, mixed, superactive, mesic Typic Calciaquoll 
fine-loamy, mixed, superactive, mesic Aquic Hapludoll 
fine, smectitic, superactive, mesic Cumulic Vertie Endoaquoll 
fine-loamy, mixed, superactive, mesic Typic Endoaquoll 
fine-silty, mixed, superactive, mesic Typic Hapludoll 
fine-silty, mixed, superactive, mesic Aquic Hapludoll 
fine-silty, mixed, superactive, mesic Aquic Hapludoll 
fine-silty, mixed, superactive, mesic Typic Hapludoll 
fine-silty, mixed, superactive, mesic Typic Hapludoll 
fine-silty, mixed, superactive, mesic Typic Hapludoll 
(Soil Survey Staff, 1999) 
Soil series by site, pH and Zn content 
Site 1 
The soil series at site 1 in 1998 (Figure 1) were Nicollet and Webster. 
Selected chemical properties for these soils are shown in Table 5. Figure 2 
shows the spatial yield response of corn to Zn fertilization. Figure 2 shows the 
yield values as a negative or positive response to the Zn application regardless 
of statistical significance. Figures 3 and 4 show the soil test Zn and pH indexes 
found at site 1. 
Table 5. Site 1 soil characteristics sorted b 
mg kg-1 mg kg-1 mg kg-1 % 
1 1 Nicollet high 27 239 low 5 
1 1 Nicollet high 47 320 high 6 
1 1 Webster high 22 214 high 8 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
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Both plant dry matter yield and plant Zn concentration decreased (p > 
F=0.04) when Zn was applied to corn grown on the Nicollet soil that had a low pH 
and high Zn (Tables 6 and 7). Yields decreased an average of 268.8 kg ha-1 and 
plant Zn concentrations decreased 2 mg kg-1 due to the Zn application (Table 7). 
Plant Zn uptake along with grain Zn content and uptake did not respond to Zn 
treatments. The negative response in the plant Zn concentration suggests that 
the applied Zn was not taken up by the plant (Table 7). 
Plant P concentrations were determined at this site to rule out any P-Zn 
interactions. The plant P concentrations were all adequate so it is not certain 
what caused the negative response at this site. One possibility could have been 
the method of application, which was broadcasting. Site 1 was the only site 
where the Zn was broadcast. 
Corn grown on the Webster soil at site 1 did not respond to the Zn 
treatments (Table 6). This is probably because the soil already contained high 
amounts of soil Zn (Table 5 and Figure 3). The high pH could have reduced Zn 
fertilizer solubility therefore hindering a response. The high soil organic matter 
(OM) content could have also interacted with the Zn by absorbing the applied Zn 
causing it to become unavailable to the plant. 
Site 2 
Site 2, located in Hancock County in 1998 received severe wind damage 
to many of the plots (Figure 1 ). The Canisteo soil was the only soil series at the 
site that contained enough plots for statistical analysis (Table 6). The Canisteo 
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Figure 2. Site 1 spatial yield 
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Figure 3. Spatial plot of soil 
test Zn at site 1. 
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Figure 4. Spatial plot of soil 
pH at site 1. 
I\.) 
I\.) 
Table 6. P>F for Yield, Plant Zn Concentration and Uptake,and Grain Zn concentration and 
uptake due to the Zn treatments sorted by site, soil series, and pH and Zn parameters. 
1 Nicollet high low 0.04 0.03 ns ns ns 
Nicollet high high 
Webster hi9h hi9h ns ns ns ns ns 
2 Canisteo high high ns <0.01 <0.01 ns ns 
Harps low high 
Harps high high 
Nicollet low low 
Nicollet low high 
Nicollet hi9h hi9h 
4 Exira low low 
Exira high low ns ns ns ns ns I\.) w 
Exira high high ns ns ns ns ns 
Marshall low low ns 0.01 0.03 ns ns 
Marshall high low ns ns ns 0.06 ns 
Marshall hi9h hi9h 0.05 0.02 <0.01 ns <0.01 
5 Primghar low low ns ns ns ns ns 
Primghar low high ns ns ns ns ns 
Primghar high low ns <0.01 ns ns ns 
Ransom low low ns ns ns ns ns 
Ransom high low 
Sac low low ns <0.01 <0.01 <0.01 ns 
Sac high low ns ns ns ns ns 
Sac low hi9h ns ns ns ns ns 
Table 6. Continued 
6 Canisteo high high ns <0.01 <0.01 ns ns 
Clarion high low ns ns ns ns ns 
Clarion high high ns ns ns ns ns 
Nicollet high low ns ns ns 0.04 0.05 
Webster high low ns ns ns ns ns 
Webster hi9h hi9h 0.05 ns ns ns ns 
7 Canisteo low high ns ns ns ns ns 
Nicollet low low ns ns ns 0.03 0.03 
Nicollet high low 
Nicollet low high ns ns 0.01 0.03 0.03 I\) .i:,. 
Webster low low 
Webster high low ns ns ns ns ns 
Webster low high ns ns ns- ns ns 
Webster hi9h hi9h 
8 Canisteo low high ns <0.01 ns ns ns 
Canisteo high high ns 0.05 <0.01 ns ns 
Harps low high <0.01 <0.01 <0.01 0.05 ns 
Nicollet low low ns <0.01 <0.01 ns ns 
Nicollet ·low high ns <0.01 <0.01 ns ns 
Nicollet high high ns <0.01 <0.01 ns ns 
Okoboji low high 0.08 <0.01 <0.01 0.02 <0.01 
Okoboji high high ns ns ns 0.03 0.05 
. = not enough plots present for statistical analysis 
Table 7. Differences in yield, plant Zn content & uptake, and grain Zn content & uptake on soils found 
to have significant responses to Zn application. 
.. .::>: ::;,aihf:P;i, :::.<_w¥@zn .. : ··! :·: : '~mtjH:-:.:/ .:.: ... ,j!;.; .. .:._,.-~.;!i:!:;~pz~1:i1za1f ,%iu~f X##¢ <iiiri#kt;nvh 
mg kg- 1 kg ha- 1 mg kg-I g Zn/ g plant mg kg- 1 Kg Zn na 
1 Nicollet high low -269 -2 ns ns ns 
2 Canisteo high high ns 3 ns ns ns 
4 Marshall high high -2016 8 0.04 ns -5.6 
4 Marshall low low ns 11 ns ns ns 
4 Marshall high low ns ns 0.03 ns ns 
5 Primghar high low ns 15 ns ns ns 
5 Sac low low ns 12 0.01 2 ns 
6 Canisteo high high ns 3 0.01 ns ns 
6 Nicollet high low ns ns ns 1 4.5 
7 Nicolet low high ns ns 0.01 4 4.5 
7 Nicollet low low ns 4 ns ns ns 
8 Canisteo low high ns 4 ns ns ns 
8 Harps low high -1411 ns 0.02 -4 ns 
8 Nicollet high high ns 6 ns ns ns 
8 Okoboji low high -941 -5 -0.02 -4 -5.6 
8 Okoboji high high ns ns ns -5 -4.5 
high soil Zn = > = 0.8 mg kg-1, low soil Zn = < 0.8mg kg-1 , high soil pH = > = 7, low soil pH < 7, 1 = no Zn applied, 2 Zn 
applied, y = yield, pZn= plant Zn content, pZup= plant Zn uptake, gZn= grain Zn content, gZup= grain Zn uptake 
N 
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soil had a high pH and high levels of soil Zn before the treatment applications 
(Table 8). The plant Zn concentration increased 3 mg kg-1 due to the treatments 
(Table 7). Plant Zn uptake, yield, and grain Zn content and uptake did not 
increase. As found at site 1, applying Zn to soils with high pH and adequate 
amounts of Zn was not beneficial. 
Site 2 soil characteristics sorted b soil series, soil Zn, and pH. 
mg~~ mg~~ mg~~ % 
2 1 Nicollet high 32 258 high 6 
2 1 Harps* low 20 162 high 6 
2 1 Harps* high 14 167 high 5 
2 1 Canisteo* high 17 248 high 6 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
*= 1-2 plots present with these soil characteristics, not enough for statistical analysis 
Site 3 
Site 3 was located in Hancock County in 1998 (Figure 1 ). This site was 
completely destroyed by severe winds that occurred in June of 1998 so no 
analysis was completed. 
Site 4 
Site 4 was located in Pottawattamie County in 1999 (Figure 1 ), on 
Marshall and Exira soil series. Selected soil characteristics are listed in Table 9. 
Figure 5 shows the spatial yield response of corn to Zn application at this site. 
The figure shows negative or positive responses to Zn application regardless of 
statistical significance. Figures 6 and 7 show the spatial relationship of the soil 
test Zn and pH indexes found at site 4. Corn grown on the Exira soil did not 
respond to the Zn treatments (Table 6). 
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Table 9. Site 4 soil characteristics sorted b soil series, soil Zn, and H. 
"~, \~ »" ' ,;-,,, 
mg kg-1 mg kg-1 mg kg-1 % 
4 2 Exira* low 27 503 low 3 
4 2 Exira high 40 312 low 4 
4 2 Exira high 61 350 high 4 
4 2 Marshall low 28 201 low 3 
4 5 Marshall low 29 198 high 3 
4 2 Marshall high 66 290 high 4 
high Zn: > 0.8 mg kg·1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
*= 1-2 plots present with these soil characteristics 
The Marshall soil series at site 4 had three different Zn and pH indexes 
(Table 9). Plant Zn concentration increased 11 mg Zn kg·1 and plant Zn uptake 
increased 0.03 g Zn g·1 with Zn application in corn plants grown on Marshall soils 
with low pH and low soil test Zn (Table 6 & 7). Grain yield and grain Zn 
concentrations did not increase due to the Zn application (Table 7). 
Corn grown on the Marshall soils with low pH and high amounts of soil Zn 
did not respond to the Zn applied. The only significant response to the Zn 
treatment was a 0.06 mg kg·1 increase in grain Zn concentration (Tables 6 & 
7). Finally, on the Marshall soils with high pH and Zn levels, plant Zn content 
increased by 8 mg kg·1and plant Zn uptake increased by 0.04 g Zn g·1 plant 
(Tables 6 & 7). Although the plant Zn levels increased, yields decreased 2015 kg 
ha·1 and grain Zn uptake decreased 5 g kg Zn ha·1 from the addition of Zn to the 
soil (Tables 6 & 7). The increase in plant Zn levels due to the Zn treatment 
suggests that the applied Zn was being absorbed by the plant. The plants 
treated with Zn also had Zn concentrations in the sufficient range (20-60 mg kg·1) 
(Jones et al, 1991) therefore, the reason for the negative yields is unknown. 
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Figure 5. Site 4 spatial yield response 
by soil series. 
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Figure 6. Spatial plot of soil test Zn 
at site 4. 
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Figure 7. Spatial plot of soil pH at 
site 4. 
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Site 5 
Site 5 was located in O'Brien County in 1999 (Figure 1 ). The soil series at 
this site were Primghar, Ransom, and Sac. Selected characteristics of the soil 
series at site 5 are listed in Table 10. Corn responded to the Zn application on 
the Primghar soi.I with a low pH and a high Zn soil test with a significant increase 
in plant Zn concentration (15 mg kg-1) (Tables 6 & 7). The low pH made the Zn 
available and therefore able to enter the plant. However, no other responses 
were observed on this soil. Zn concentrations of V6 to V10 stage plants 
increased due to Zn application (Tables 6 & 7). However, plant Zn uptake, yield, 
and grain Zn concentration were not affected (Tables 6 and 7). 
Site 5 soil characteristics sorted b soil series, soil Zn, and H. 
mg kg-1 mg kg-1 mg kg-1 % 
5 2 Primghar low 25 176 low 5 
5 2 Primghar low 27 180 high 5 
5 2 Primghar high 30 173 low 5 
5 2 Ransom low 20 155 low 5 
5 2 Ransom low 29 183 high 5 
5 2 Sac low 16 154 low 4 
5 2 Sac low 27 166 high 4 
5 2 Sac low 16 162 low 5 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
No response was observed on the Primghar soil with low soil test Zn and 
high pH (Table 6). This could be because the high pH kept the Zn fertilizer from 
becoming plant available. It is surprising however that there were no corn 
responses on the Primghar soil with low soil pH and low soil test Zn (Table 6). It 
is not clear why a response was not observed on this soil. 
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Corn grown on the Sac soil with low pH and low soil test Zn responded to 
the Zn application; plant Zn concentrations increased 12 mg kg-1, plant Zn uptake 
increased 0.01 g Zn 9-1 plant, and grain Zn concentrations increased 2 mg kg-
1(Tables 6 and 7). Although increases in plant Zn uptake and grain Zn 
concentration were statistically significant the magnitude of the increase was 
small and may be of little agronomic importance. 
The Primghar, Ransom, and Sac soils all had areas with low pH and low 
soil test Zn, which should be ideal conditions for responses to Zn application 
(Table 10). The reason responses were not observed on the Primghar or 
Ransom soils and no yield or grain Zn uptake responses were observed on the 
Sac soil is not known. 
Site 6 
Site 6 was located in Webster County in 1999 (Figure 1 ). The soil series 
at this site were Canisteo, Clarion, Nicollet, and Webster. All of the soils at this 
site had high Zn soil test levels (Table 11 ). Responses to Zn treatments were 
observed on the Canisteo, Nicollet, and Webster. The corn planted on the 
Clarion soil did not respond to the treatments {Table 6). 
Site 6 soil characteristics sorted b soil series, soil Zn, and pH. 
mg kg-1 mg kg-1 mg kg-1 % 
6 2 Canisteo high 24 168 high 8 
6 2 Canisteo high 13 176 high 9 
6 2 Clarion high 35 145 low 6 
6 2 Clarion high 28 159 high 7 
6 2 Nicollet high 43 157 high 6 
6 2 Webster high 39 212 low 7 
6 2 Webster high 33 182 high 7 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
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Plant Zn concentrations increased 3 mg kg·1 and plant Zn uptake 
increased 0.01 g Zn g planr1 in corn grown on the Canisteo soil, with high pH 
and high soil test Zn, due to the treatments (Tables 6 and 7). The increase in 
plant Zn uptake was very small although it was statistically significant. These 
data agree with results from site, 1 and 2. Similar to the Webster soil from site 1 
and the Canisteo soil from site 2 applying Zn to soils with high pH and already 
adequate amounts of Zn did not result in yield increases. 
Grain Zn content and uptake increased significantly due to the Zn 
application in corn grown on the Nicollet soils with low average pH values and 
high soil test Zn levels (Table 6 and 7). The grain Zn concentrations increased 1 
mg kg·1 and uptake increased 4.3 kg Zn ha·1 (Table 7). It is not known why 
differences in plant Zn content or uptake were not observed because the Zn has 
to enter the plant to get to the seed. The soil Zn should be soluble at the low soil 
pH and so should be readily available to the plant. 
A significant increase in yield of 2217 kg ha·1 due to added Zn was 
observed on the Webster soil with high pH and high amounts of Zn already 
present (Tables 6 and 7). The Webster soil series at this site was excessively 
weedy and this undoubtedly affected this result. The yield differences were 
probably caused by weed population differences in the treatment strips and not 
the Zn application. The fact that no responses were observed in plant Zn 
concentration and uptake or grain Zn concentration or uptake further supports 
the idea. 
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Site 7 was located in Hancock County in 1999 (Figure 1) on Canisteo, 
Nicollet, and Webster soil series. The soil characteristics are listed below in 
Table 12. The corn responded to Zn application on the Nicollet soil with a low 
soil pH and low soil test Zn and the Nicollet soil with a high pH and low soil test 
Table 12. Site 7 soil characteristics sorted b soil series, soil Zn, and H. 
w N 
mg kg-1 mg kg-1 mg kg-1 
7 2 Canisteo low 13 178 high 
7 2 Nicollet low 12 157 low 
7 2 Nicollet low 11 178 high 
7 2 Nicollet* high 14 160 low 5 
7 2 Webster* low 14 237 low 7 
7 2 Webster low 15 206 high 7 
7 2 Webster high 29 245 low 7 
7 2 Webster* high 26 261 high 8 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
*= not enough plots present for statistical analysis 
Zn (Table 6). Grain Zn content increased 4.6 mg kg-1 and grain Zn uptake 
increased 4 kg Zn ha-1 (Table 7). Corn grain yields were not affected by Zn 
application (Table 6). A possible cause for no yield response could be the low 
soil P concentration which averaged 12 mg kg-1 (Table 12). The relatively low 
soil P could have limited dry matter and grain production. 
Plant Zn uptake along with grain Zn content and uptake increased due to 
the treatments on the Nicollet soil with a high pH and low soil test Zn. Perhaps 
applying Zn increased the availability of Zn with low solubility due to the high pH. 
Plant Zn uptake increased 0.01 g Zn g planr1 due to the treatments (Table 7). 
This amount was statistically significant but small in magnitude. The grain Zn 
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concentration increased 4.5 mg kg-1 and the grain Zn uptake increased 4 kg Zn 
ha-1 due to the Zn treatment (Table 7). Although Zn in both the plant and grain 
increased significantly due to Zn fertilization, yields were unaffected. 
Site 8 
Site 8 was located in Hancock County in 1999 (Figure 1) on Canisteo, 
Harps, Nicollet, and Okoboji soil series. The soil series test results can be found 
in the Table 13. Figure 8 shows the spatial yield response of corn to Zn on the 
soils found at site 8. The figure shows negative or positive responses to Zn 
application regardless of statistical significance. Figures 9 and 10 show the 
spatial distribution of the soil test Zn and pH indexes at site 8. 
Corn responded to Zn application on all of these soils (Table 6). Zinc 
concentration in the plants increased by 4 mg kg-1 due to the treatment on the 
Canisteo soil with a high pH and low soil test Zn concentration(Tables 6 and 7). 
Corn grown on the Canisteo soil with a high pH and high soil test Zn had 
higher plant Zn concentrations and plant Zn uptake where Zn was applied (Table 
7). As with the corn grown on the Canisteo soil at sites 2 and 6, yields did not 
increase although plant Zn content and uptake increased. 
Plant Zn concentrations and uptake in grain increased but grain yield 
decreased in corn grown on the Harps soil that had a high pH and low Zn content 
(Table 7). Grain yields decreased an average of 1411 kg ha-1 and grain Zn 
content decreased 4 mg kg-1 due to the Zn application (Table 7). The reason for 
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this yield decrease is not fully understood. The low soil test Zn (Table 13) would 
be ideal for corn response to Zn fertilization but, the high soil pH, high soil test P, 
and low yield potential of the Harps soil series may have inhibited a positive 
response at this site. 
Table 13. Site 8 soil characteristics sorted b soil series, soil Zn, and pH. 
N>,, 
mg kg-1 mg kg-1 mg kg-1 % 
8 2 Canisteo low 10 189 high 8 
8 2 Canisteo high 12 221 high 8 
8 2 Harps low 23 192 high 5 
8 2 Nicollet low 32 162 low 5 
8 2 Nicollet low 37 191 high 6 
8 2 Nicollet high 52 254 high 8 
8 2 Okoboji low 2 173 high 9 
8 2 Okoboji high 10 185 high 9 
high Zn: > 0.8 mg kg-1, low Zn: < = 0.8 mg kg-1, high pH: > = 7, low pH: <7 
The Nicollet soil at site 8 had three different indexes of pH and Zn values; 
low pH and high Zn, low Zn and high pH, and high pH and high Zn (Table 13). 
The only response of corn planted on these Nicollet soils was an increase in 
plant Zn content and uptake caused by the Zn application (Tables 6 & 7). 
The Okoboji soil at site 8 had two different indexes of soil Zn and pH 
values. The corn grown on the Okoboji soil with high pH and low 
Zn content responded negatively to the Zn treatments (Table 6). The yield 
decreased an average of 941 kg ha-1 (Table 7). The plant Zn content decreased 
4.9 mg kg-1 and plant Zn uptake decreased 0.02 g Zn g-1 plant {Table 7). Grain 
Zn content decreased 4 mg kg-1 and grain Zn uptake decreased 5.6 kg Zn 
ha-1due to applying the Zn (Table 7). 
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Figure 8. Site 8 spatial yield 
response by soil series. 
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The corn grown on the Okoboji soil with high pH and high soil test Zn also 
responded negatively to Zn (Table 6). The grain Zn content decreased 5 mg kg-1 
and the grain Zn uptake decreased 4.5 kg Zn ha-1(Table 7). However, plant Zn 
concentration and uptake along with yield were not effected by Zn application. 
CONCLUSIONS 
In this study, the main soil characteristic that determined corn response to 
Zn was soil test Zn concentration. Many of the soils in Iowa do not need 
supplemental Zn fertilization because they already contain adequate levels (>= 
0.8 mg kg-1 Zn ). Applying granular Zn Sulfate at 5.6 kg Zn ha-1 in a 5 cm X 5 cm 
band during planting can result in increased plant Zn content and plant Zn uptake 
on most soils regardless of soil test Zn value, but may not increase yields. In 
fact, applying Zn to soils with initial Zn levels above 0.8 mg kg-1 may result in 
yield decreases. Sites that are below the adequate level of soil test Zn 
responded variably to Zn applications. This could be due to a number of 
interactions between Zn and other nutrients, soil characteristics, and different 
corn hybrids. 
In this study corn did not respond consistently on similar soH series. This 
variability of corn response to Zn application and soil test Zn concentration 
among sites may be due to an inherent variability among soil series. It is also 
possible that some of the variability was because the hybrids differed between 
sites. Based on these results variable application of Zn would have little 
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agronomic benefit. Applying Zn only to areas with low soil test Zn may insure no 
negative yield responses will occur but positive yield responses cannot be 
consistently predicted, making Zn application in Iowa an economic risk. 
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CHAPTER 3. THE EFFECT OF ZINC SULFATE ON DIFFERENT CORN 
HYBRIDS GROWN IN SAND CULTURE 
A paper to be submitted to Communications in Soil Science and Plant Nutrition 
A. Bickel* and R. Killorn 
ABSTRACT 
A greenhouse study was conducted to determine if corn (Zea Mays) 
hybrids have different Zinc (Zn) uptake characteristics. Four genetically different 
corn hybrids were used in the experiment. Sand culture was used as a growing 
medium to insure precise and accurate nutrient levels. The treatments consisted 
of Hoag.land solutions with and without Zn (Hoagland, 1950). The Zn rate was 
0.02 mg Zn per application with a total of 0.7 mg Zn applied throughout an entire 
experiment. The corn plants were analyzed for Zn concentration, dry matter 
production, and Zn uptake. Significant differences in plant Zn concentration, dry 
matter production, and plant Zn uptake among hybrids due to the treatments 
(P>F<0.01) were observed. Corn hybrids vary in their Zn uptake characteristics. 
INTRODUCTION 
Research conducted on crop response to Zn fertilization has had variable 
results (Mallarino and Webb, 1995; Carsky and Reid, 1990; Viteri-Arriola, 1984; 
Boawn, 1973; Martens, 1973; Brown and Krantz, 1966; Langin, et. al., 1962). 
This variation in response is due to the many soil and weather characteristics 
that affect Zn availability. 
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Soil characteristics may affect Zn availability the most. Soils where Zn 
deficiencies occur have at least one of the following characteristics; low Zn soil 
test, high pH, low organic matter content, or high available phosphorus 
(Bugabee, and Frink, 1995). Also, erosion or physical removal of topsoil 
resulting in exposure of the subsoil can cause Zn deficient areas (Viteri-Arriola, 
1984). 
In Iowa there are several soil associations that contain high .pH spots 
within fields where the surrounding soil's pH is slightly acid. It is reasonable to 
expect that Zn availability, due to a difference in solubility, is different in the two 
areas. 
Weather can also affect Zn deficiency by interaction with the corn hybrid in 
use. Some hybrids may be able to adjust or compensate for cold and/or wet 
conditions while others can not. Webb (1984) observed deficiency symptoms on 
one of two hybrids during two growing seasons that had below normal 
temperatures and above normal rainfall in the spring. 
Aside from a hybrid Xclimate interaction, modern hybrids vary in their 
ability to take up nutrients in general. Terman et al (1975) observed differences 
in Zn and P absorption among eight corn hybrids and concluded that the 
differences were genetically controlled. In 1978, Clark observed differential 
responses between two corn inbreds for Zn which appeared to be caused by 
differences in the inbreds from translocation, requirements, and uUlization of Zn, 
and for accumulations of unbalanced amounts of mineral elements which interact 
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with Zn (Clark, 1978). Ramani and Kannan found significant differences in the 
Zn absorption patterns by excised roots of sorguhm cultivars (Ramani and 
Kannan, 1985). Ramani and Kannan also found significant hybrid vigor in two of 
three corn hybrids and suggested the trait was inherited from the female parent 
(Ramani and Kannan, 1985). It is not difficult to show that corn hybrids differ in 
their ability to metabolize Zn (Ramani and Kannan, 1985; Webb, 1984; Clark, 
1978; Terman et al, 1975). Corn hybrids have also changed since research on 
hybrid response to Zn was completed. 
The previous research shows corn hybrids differ in their ability to 
metabolize Zn. Research also shows variability in crop response to Zn 
fertilization due to soil and weather characteristics that affect Zn availability. 
Growing a modern day corn hybrid that is able to extract Zn from a soil with low 
soil test Zn could eliminate the need for Zn fertilization in some cases. Zn 
deficiencies in corn could be eliminated by hybrid choice. It is possible the hybrid 
could be used to solve the Zn deficiency problem instead of relying on Zn 
fertilization. Research is needed to identify a modern corn that could extract Zn 
from high pH soils. 
The objective of this study was to identify a corn hybrid that can extract Zn 
from high pH soils for use in future Zn fertilization studies. The identified 
hybrid(s) could also be planted to possibly correct plant Zn deficiency symptoms 
on soi:ls with marginal ·to deficient Zn concentrations. 
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METHODS AND MATERIALS 
Four genetically different corn hybrids, adapted for growth in Iowa, were 
grown in sand culture. Two treatments consisting of Hoagland solutions with and 
without zinc were applied to the corn hybrids (Hoagland, 1950). The Zn rate was 
0.02 mg Zn per application with a total of 0.7 mg Zn applied throughout an entire 
experiment. Each treatment was replicated six times. The experiment was 
completed four times to ensure reproducible results. In the results section of this 
paper, time refers to the four periods in which the experiment was repeated. 
Pot and Sand Size 
Several pre-experiments were run to determine the correct pot size and 
silica sand size. The pots used in the experiment had a 152 mm diameter. The 
size was chosen because the solutions would pond on the surface momentarily 
then move through the pot thus removing residual salt from the sand. Grade 16, 
20 X 40 mesh silica sand was used because the particle size was perfect for 
letting the nutrient solution move through the pot without long term ponding. 
Experiment Set-up 
The pots were first acid washed to avoid any Zn contamination, then lined 
with glass wool to allow the solution to filter through while keeping the sand in. 
Then, the pots were filled with Silica Sand leaving a 25 mm lip above the sand 
surface at the top of the pot. Next, three seeds were planted per pot. Four 
hundred ml of Hoagland solution was applied to the pots in one application, once 
a day until all seeds emerged (Hoagland, 1950). After the plants emerged each 
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pot was watered twice a day for a total of 800 ml of solution per day. The plants 
were grown to growth stages V4-V8 (Hanway, 1982). The nutrient deficiencies 
induced early senescence after this growth stage. 
Harvest and Analysis 
Three weeks after emergence one plant from each pot was selected at 
random and then discarded. The two remaining plants were cut at the surface of 
the sand. The plants were weighed then washed in distilled and deionized water. 
The plants were dried at 140° C for two days. After drying, the plant samples 
were ground in a stainless steel grinder, digested in sulfuric acid and 50% 
hydrogen peroxide (Hach, 1989), and analyzed for Zn using an atomic absorption 
spectrometer. Zinc uptake was calculated from the dry matter and Zn 
concentrations. 
Statistical Analysis 
Statistical analyses were done using SAS (SAS, 1996). The experiments 
were arranged in a complete, randomized block design with six replications. A 
probability level of 0.05 or less was used to declare significance. 
RESULTS 
The data from all four experiments were combined because statistical 
analyses showed that results were not affected by time of experiment {P>F=0.5). 
There weresignificant differences due to the treatments in dry matter production, 
plant Zn concentration, and plant Zn uptake among the hybrids (Table 1 ). Figures 
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Table 1. P>F for plant Zn concentration, dymatter production, and plant Zn uptake 
due to the hybrid, treatments, and hybrid X treatment interaction. 
Drymatter <0.01 <0.01 <0.01 
Plant Zn <0.01 <0.01 <0.01 
Zn uptake 0.05 <0.01 <0.01 
1 -4 show pictures of random plants of each hybrid, with and without Zn applied. 
Dry Matter Production 
All plants treated with zinc produced up to two times more dry matter than 
those that did not (Figure 5). The hybrid X treatment interaction was statistically 
significant (P>F <0.01 )(Table 1) indicating the hybrids responded differently to 
the Zn treatments. Dry matter production for hybrids 1,2, and 3 was very similar. 
There was an average difference between treatments of five grams for all three 
(Figure 5). Hybrid 4 had an average dry matter difference of three grams 
between the Zn treatments (Figure 5). The hybrid 4 plants that received no Zn 
produced the same amount of dry matter as the other hybrids (3 g) but the plants 
that received Zn produced an average of two grams less dry matter than the 
other hybrids (Figure 5). 
Figure 1. Hybrid 1 corn plants with and without Zn. 
Figure 3. Hybrid 3 corn plants with and without Zn. 
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Figure 2. Hybrid 2 corn plants with and without Zn. 
Figure 4. Hybrid 4 corn plants with and without Zn. 
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Figure 5. Effect of Zn treatments and corn hybrid on dry 
matter production (a), Zn concentration (b), and Zn uptake (c). 
49 
Zinc Concentration 
The hybrid X treatment interaction with respect to zinc concentration was 
statistically significant (P>F <0.01) (Table 1 ). Application of Zn increased the Zn 
concentrations in all four hybrids (Figure 5). Zinc concentrations in hybrids 1 and 
3 were similar (Figure 5). Hybrid 2 had the least difference in Zn concentrations 
with a difference of 0.5 µg g-1(Figure 5). Finally, the largest difference in plant Zn 
concentrations between treatments was obseNed in hybrid 4, 13 µg 9-1 (Figure 
5). 
Zinc Uptake 
The hybrid X treatment interaction with respect to plant Zn uptake was 
statistically significant (P>F <0.01) (Table 1 ). Appl.ication of Zn increased Zn 
uptake on au four hybrids (Figure 5). Hybrids 1, 2, and 3 had average plant Zn 
uptake increases of 0.004 g Zn 9-1 plant (Figure 5). However, hybrid 4 had an 
average plant Zn uptake increase of 0.01 g Zn 9-1 plant due to the Zn application 
(Figure 5). 
CONCLUSIONS 
Addition of zinc increased dry matter production, zinc concentration, and 
zinc uptake for all four hybrids in this experiment. Hybrid 3 had the greatest 
increase .in dry matter production due to zinc. Hybrid 4 produced the least 
amount of dry matter. Hybrid 4 had significantly higher zinc concentrations and 
greater zinc uptake compared to the other hybrids. Therefore, hybrid 4 had the 
best ability to take up Zn out of the 4 hybrids researched in this study. All of the 
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other hybrids had similar Zn uptake characteristics. If high Zn accumulation is a 
desired hybrid trait, hybrid 4 would be the best hybrid choice from this study. 
However, this study can not confirm if yields would increase in hybrid 4 simply 
because it can accumulate more Zn. More research is needed to look at using 
high Zn accumulation hybrids, such as hybrid 4, as an alternative to Zn 
fertmzation on Zn deficient fields. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The main soil characteristic that determined corn response to Zn in this 
experiment was soil test Zn concentration. Many of the soils in Iowa do not need 
supplemental Zn fertilization because they are already at or above what is 
considered to be the critical level {>= 0.8 mg kg-1 Zn ). Applying granular Zn 
Sulfate at 5.6 kg Zn ha-1 in a five cm X five cm band during planting can result in 
increased plant Zn content and Zn uptake by plants grown on most soils 
regardless of soil test Zn, but it may not increase grain yields. In fact, applying 
Zn to soils with initial Zn levels above 0.8 mg kg-1 may result grain In yield 
decreases. 
Sites that are below the Zn critical level{< 0.8 mg kg-1 Zn) responded 
variably to Zn applications. This could be due to a number of interactions 
between Zn and other nutrients, soil characteristics, and different hybrids. 
In this study corn did not respond consistently on similar soil series. This 
variability of corn response to Zn application and soil test Zn concentration 
among sites may be due to an inherent variability among soil series. It is also 
possible that some of the variability was because the hybrids differed between 
sites. Based on these results variable application of Zn would have little 
agronomic benefit. Applying Zn only to areas with low soil test Zn may insure no 
negative yield responses will occur but positive yield responses would be 
inconsistent and variable making Zn application in Iowa an economic risk. 
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A possible alternative to Zn application would be planting a corn hybrid 
that can extract Zn from soils with low soil test Zn{< 0.8 mg kg-1 Zn). The 
greenhouse showed that one of the four hybrids did accumulate more Zn than 
the other 3 hybrids. The study can not confirm if yields would have increased in 
the hybrid that accumulated more Zn but it is a possibility. This study showed 
that hybrids do vary in their ability to extract Zn. More field research is needed to 
look at using a hybrid as an alternative to Zn fertilization on Zn deficient fields. 
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